ABSTRACT Selenophosphate synthetase (Sps), the product of the SelD gene, produces a biologically active selenium donor compound from ATP and selenide. We have isolated and characterized the Sps gene from Antheraea pernyi (Gué rin-Mé neville) (Lepidoptera: Saturniidae), an economically important insect. The resulting 1601 bp cDNA sequence contains an open reading frame of 1209 bp encoding a polypeptide of 402 amino acids, with 87% sequence identity to that from Drosophila melanogaster (Meigen). Semiquantitative reverse transcription-polymerase chain reaction (PCR) analysis showed that the Sps gene was transcribed during four developmental stages (egg, larva, pupa, and adult) and in all the tissues tested (blood, fat body, midgut, silk glands, body wall, spermaries and ovaries), suggesting that ApSps plays an important role in the development of A. pernyi. From a database search, Sps protein homologs were found in prokaryotes and eukaryotes, including bacteria, fungi, invertebrates and vertebrates, with 47Ð98% amino acid sequence identities between eukaryotes, suggesting that they were highly conserved during the evolution of eukaryotes. Phylogenetic analysis, based on Sps protein homolog sequences, clearly separated the known bacterial, fungal, invertebrate and vertebrate Sps proteins, consistent with the topology tree of classical systematics, suggesting the potential value of the Sps protein sequence in phylogenetic inference.
Selenophosphate synthetase (Sps), the product of the SelD gene, produces the biologically active selenium donor compound, monoselenophosphate, from ATP and selenide. Isolation of the enzyme and characterization of some of its physical and catalytic properties have been described (Zsuzsa et al. 1994) . In prokaryotes, it has been established that the products of four genes, SelA, SelB, SelC, and SelD, are required for the synthesis and speciÞc insertion of selenocysteine (Sec) into proteins as directed by the UGA codon (Leinfelder et al. 1988 (Leinfelder et al. , 1990 . Insertion of Sec requires the presence of a complex system that includes Sec tRNA, elongation factor EFsec, SECIS-binding protein 2 (SBP2), selenophosphate synthetase 2 (Sps2), phosphoseryl-tRNA kinase, SECp43, and Sec synthase (SecS), as well as a cis-acting stem-loop structure, the Sec insertion sequence (SECIS) element in the 39-untranslated region (UTR) (Lobanov et al. 2007 ).
Several eukaryotic selenoproteins also have been identiÞed, including glutathione peroxidases (Chambers et al. 1986 ), selenoprotein P (Hill et al. 1991 (Hill et al. , 1993 , and the type I iodothyronine 59-deiodinase (Berry et al. 1991) , all of which contain selenocysteine encoded by UGA codons. However, the mechanisms of recognition and translation of selenocysteine codons differ between prokaryotes and eukaryotes. Although stable stem-loop structures are required for eukaryotic selenoproteins synthesis, these elements are situated within the 3Ј UTR of the mRNAs. In addition, the sequences of prokaryotic and eukaryotic stem-loop structures are not conserved (Susan et al. 1995) . Eukaryotic organisms, including fruit ßies, mice, and humans, differ from bacteria and archaea in that they have a pair of Sps genes; one gene encodes a selenoenzyme capable of in vitro catalysis and the other homolog encodes an enzyme exhibiting poor catalytic activity for selenide-dependent hydrolysis of ATP (Takashi et al. 2004) .
Homologs of the Sps gene have previously been sequenced from various kinds of organisms including insects (Lobanov et al. 2007) . In insects, the Sps gene from Drosophila melanogaster (Meigen) has been characterized previously (Gerard and Thressa 1999) . Antheraea pernyi (Gué rin-Mé neville) is one of the most well-known wild silkmoth used for silk production and insect food (Liu et al. 2010a ). It has been considered an excellent natural bioreactor for the production of recombinant proteins (Huang et al. 2002) . In our laboratory, a full-length pupal cDNA library of A. pernyi has been constructed , and several functional genes of this species have been identiÞed previously (Jiang et al. 2010; Liu et al. 2010b,c,d; Wu et al. 2010) . Here, the Sps gene (ApSps) was cloned and characterized from this important lepidopteran species, and its expression patterns at various developmental stages and different tissues were determined. Finally, the Sps proteins from various organisms, including A. pernyi, were phylogenetically characterized.
Materials and Methods
Insects and Tissues. A. pernyi strain Shenhuang No. 1 larvae were used in this study. Tissues (blood, fat body, midgut, silk glands, body wall, testes, and ovaries) were dissected from the Þfth-instar silkworms at day 10. Eggs at day 5, Þfth-instar larvae, pupae, and adults also were collected. All samples were frozen in liquid nitrogen and stored at Ϫ80ЊC until use.
Mining of ApSps Gene and Sequence Analysis. A pupal cDNA library of A. pernyi has been constructed in our laboratory previously ), and the randomly selected positive clones were sequenced by the expressed sequence tag (EST) method (Adams et al. 1991 ). An EST under GenBank accession GH334964, encoding the Sps homolog, was isolated. Thus, the cDNA clone (Ap0483) was used to complete the full-length cDNA sequence of the ApSps gene. To identify the open reading frame (ORF), deduce amino acid sequence, and predict isoelectric point and molecular weight of the deduced amino acid sequence, DNASTAR software (DNASTAR Inc., Madison, WI) was used. The sequence of ApSps cDNA was compared with other Sps sequences deposited in the GenBank using the "BLAST-N" or "BLAST-X" tools at the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih. gov/blast/). Conserved domains of the amino acid sequence were predicted at http://www.ncbi.nlm. nih.gov/Structure/cdd/wrpsb.cgi/. The in silico gene expression analysis was used at http://www.ncbi.nlm. nih.gov/Unigene/ESTproÞleViewer/, based on the available EST resources, and at http://silkworm.swu. edu.cn/silkdb, based on the extensive microarray information (Duan et al. 2009 ).
Total RNA Extraction and First Strand cDNA Synthesis. Total RNA was extracted from each tissue by using RNAprep pure tissue kit (TIANGEN Biotech Co. Ltd., Beijing, China), according to the manufacturerÕs instructions. DNase I was used to remove contaminating genomic DNA. The purity and quantity of extracted RNA was measured at the ratio of optical density (OD 260 /OD 280 ) by a DU 800 UV spectrophotometer (Beckman Coulter Inc., Fullerton, CA). The Þrst strand cDNA was synthesized from 2 g of total RNA per sample by using TIANScript RT kit (TIANGEN Biotech Co. Ltd.), according to the manufacturerÕs instructions.
Semiquantitative Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analyses. The cDNA samples were used as templates to amplify the ApSps gene by semiquantitative RT-PCR by using the genespeciÞc primer pair LYQ150 (5Ј-TATGT TGATG TTACT TGGCG-3Ј) and LYQ151 (5Ј-GAACT AT-GTA TTCAT TGGGT-3Ј). The ampliÞcation product of the ApSps gene was 200 bp. A constitutively expressed actin gene of 468 bp was used as the internal control with the gene-speciÞc primer pair LYQ85 (5Ј-CCAAA GGCCA ACAGA GAGAA GA-3Ј) and LYQ86 (5Ј-CAAGA ATGAG GGCTG GAAGA GA-3Ј). Each PCR was performed in a mixture containing normalized cDNA, 20 pmol of each primer, 2 mM MgCl 2 , 0.25 mM dNTP, 1ϫ PCR buffer, and 2.5 U of TaqDNA polymerase (TIANGEN Biotech Co. Ltd.), with a total volume of 25 l. The reaction mixtures were heated at 95ЊC for 5 min, followed by 30 cycles of incubation at 95ЊC for 1 min, 55ЊC for 30 s, 72ЊC for 30 s; and a Þnal incubation at 72ЊC for 10 min. The PCR products were analyzed on 1.0% agarose gels stained with ethidium bromide, puriÞed from the gel, and directly sequenced.
Homologous Alignment and Phylogenetic Analysis. Clustal X software (Thompson et al. 1997 ) was used to align amino acid sequences. A phylogenetic tree was constructed by MEGA version 4.0 (Tamura et al. 2007 ) by using the Neighbor-Joining (NJ) method (Saitou and Nei 1987) . A Poisson-corrected distance was used, and the statistical signiÞcance of groups in the NJ tree was assessed by the bootstrap probability (Felsenstein 1985) with 1,000 replications.
Results
Sequence Analysis of ApSps Gene. The ApSps gene was identiÞed from the A. pernyi pupal cDNA library ). The cloned cDNA sequence was 1601 bp, having a 5Ј UTR of 5 bp, a 3Ј UTR of 387 bp with a canonical polyadenylation signal sequence AATAAA at position 1529, a poly(A) tail, and an ORF frame of 1,209 bp encoding a polypeptide of 402 amino acids. However, another three possible polyadenylation signal sequences were also present at positions 1283, 1409, and 1438 of the ApSps cDNA (Fig. 1A) . The GϩC content of the ORF was 46.4%. The predicted molecular weight of ApSps was 44.05 kDa, and the isoelectric point was 6.6. Blast analysis revealed that the predicted protein sequence of this cDNA shares 87% identity with that of the Sps protein of D. melanogaster (NP_725374).
As shown in Fig. 1B , conserved domain prediction revealed that it contains putative ATP binding sites (with amino acids at positions 132, 136, 188, 189, and 190 ) and a dimerization interface domain (with amino acids at positions 113, 114, 115, 116, 118, 120, 141, 152, 155, 158, 193, 209, 210, 214, and 316) (Marchler-Bauer et al. 2011) . The N-terminal domain of this protein is related to the ATP-binding domains of hydrogen expression/formation protein HypE, the AIR synthases, FGAM synthase, and is thought to bind ATP (Marchler-Bauer et al. 2009 , 2011 . Therefore, we refer to the protein as A. pernyi selenophosphate synthetase protein. This cDNA sequence has been deposited in GenBank under accession JF505286.
Expression Patterns at Different Developmental Stages and in Various Tissues. Semiquantitative RTPCRs were used to detect and quantify the ApSps gene expression levels during four developmental stages and tissue distributions in Þfth-instar larvae (Fig. 2 ). An actin gene, constitutively expressed was used as an internal control . The negative control exhibited no products (data not shown). By sequencing, we conÞrmed that the positive RT-PCR products were from the ApSps gene. The results showed that the ApSps gene was expressed during four developmental stages, including egg, larva, pupa, and adult, indicating that its product plays an important role throughout the entire life cycle. The highest mRNA level was found in the egg stage.
Tissue distribution of the ApSps gene in Þfth-instar larvae of A. pernyi is shown in Fig. 2 . The ApSps mRNA was present in all the tissues tested, including blood, fat body, midgut, silk glands, body wall, testes, and pernyi Sps cDNA fragments. Samples of mRNA were prepared from A. pernyi developmental stages eggs (1), larvae (2), pupae (3), and adults (4); seven tissues in the Þfth-instar larvae, including blood (5), fat body (6), midgut (7), silk glands (8), body wall (9), spermaries (10), and ovaries (11). The actin gene was used as an internal standard.
ovaries. There were no signiÞcant differences in the levels of mRNA among these tissues.
Homologous Alignment and Phylogenetic Analysis. From a database search, Sps protein homologs were found from several kinds of organisms, including bacteria, fungi, invertebrates, and vertebrates. We assessed the relatedness of the Sps protein homologs from various organisms, including A. pernyi, by calculating the identities based on a Clustal alignment from 28 representative Sps protein sequences (Figs. 3 and  4) . The other 27 Sps protein sequences from the organisms used in this study were downloaded from the GenBank database, including three bacteria, one fungus, 13 invertebrates, and 11 vertebrates. Multiple sequence alignments revealed that the deduced ApSps protein had the highest identity (98%) to that of Heliothis virescens (F.) (ACR07790), and the lowest identity (23%) to those of Escherichia coli (Migula) (NP_416278) and Klebsiella pneumoniae (Edwin Klebs) (ABR76640). The Sps sequence from A. pernyi has 82Ð98% identity to the Sps protein homologs of type I invertebrates (insects) and to that of the type II, with 47 and 53% identity to Caenorhabditis elegans (Maupas) (NP_502604) and Brugia malayi (Brug) (XP_001898910), respectively. ApSps protein also revealed 63Ð79% identity to vertebrates, 23Ð27% identity to bacteria, and 49% identity to the fungus Polysphondylium pallidum (Olive) (EFA75276). More than 50% amino acid sequence identity among these proteins suggests that the Sps proteins were highly conserved during the evolution of eukaryotes.
Most selected proteins have high amino acid sequence identity except for six species [C. elegans, B. malayi, E. coli, K. pneumoniae, Yersinia pestis (Loghem) and P. pallidum] , which share Ͻ50% amino acid sequence identity. The results showed that there is an extremely high degree of sequence variance among these Sps proteins, suggesting that the Sps genes have had a long independent evolutionary history.
An NJ tree was constructed using amino acid sequences of the Sps genes from various organisms (Fig.   4 ). In the phylogenetic tree, the Sps sequences we used were well divided into two groups: prokaryotes (bacteria) and eukaryotes (fungi, invertebrates, and vertebrates). Within the invertebrate group, two apparent types of the Sps proteins were deÞned. Type I with four subgroups were well deÞned corresponding to insects, including consistent with the traditional classiÞcation, and other molecular data, such as enolase gene (Liu et al. 2010b) , lysophospholipase gene (Liu et al. 2010c) , and will die slowly gene .
Discussion
Although the Lepidoptera is the second largest insect order and includes the most damaging agricultural pests and beneÞcial insects, of the Sps sequences available to date, only two are lepidopteran sequences (B. mori and H. virescens) . In this study, the whole Sps gene from A. pernyi was cloned and characterized. Amino acid sequence alignment showed that it has Ͼ97% similarity with Sps with the lepidopteran species and 87% similarity with Sps from D. melanogaster. These Þndings suggest that we correctly identiÞed the Sps gene of A. pernyi.
Our results based on the RT-PCR analyses revealed that the ApSps gene was expressed during four developmental stages and in all tissues tested in this study. Based on the available EST resources, the in silico gene expression analysis showed that the B. mori Sps gene was expressed in egg, larva, and pupa and also expressed in VersonÕs gland, imaginal disks, and prothoracic gland, not analyzed in our study. Analysis of the extensive microarray information, available at the SilkDB (Duan et al. 2009 ), revealed that the B. mori Sps gene (sw13857) was expressed in all of the tissues tested, including blood, head, midgut, Malpighian tubules, testes, ovaries, fat body, body wall, and silk glands, consistent with that observed in A. pernyi. These Þndings suggested that ApSps plays an important role in the development of A. pernyi. Further studies on ApSps are underway to clarify the biological role of this enzyme protein.
Our results based on the semiquantitative RT-PCR analyses also revealed that there were no signiÞcant differences in the levels of mRNA among these tissues tested in this study. It has been shown that a labile selenium donor compound monoselenophosphate is synthesized from selenide and ATP by Sps (Takashi et al. 2004) . Thus, the content of Sps levels may be similar in all tissues. This Þnding suggested that the ApSps gene might not be differentially expressed in various organs. Real-time quantitative (q)PCR would be better for quantiÞable data with appropriate statistical support for the conclusion. So, analyses of the expression pattern based on real-time qPCR will be performed to support for the conclusion.
It is worth noting that the amphioxus Branchiostoma floridae Hubbs that belongs to Chordata, according to traditional classiÞcation, was clustered into the arthropod subgroup in the phylogenetic tree, closer to vertebrates, consistent with the viewpoint that amphioxus is the bridge between invertebrates and vertebrates (Chen et al. 2009, Tello and Sherwood 2009) .
In recent years, many housekeeping genes, such as ribosomal protein gene (Hou et al. 2008) , myosin light chain 2 gene (Yang et al. 2008 , Liu et al. 2010d , enolase gene (Regier et al. 2009 , Liu et al. 2010b , lysophospholipase gene (Liu et al. 2010c ), and will die slowly gene , have been reported to be a new molecular tool for phylogenetic inference of life organs. Our study showed that the phylogenetic analysis based on the Sps amino acid sequences clearly separated the known bacterial, fungal, invertebrate, and vertebrate Sps proteins. The obtained trees demonstrated similar topology with the classical systematics and other molecular data Liu et al. 2010b,c) , suggesting the potential value of the Sps proteins in phylogenetic inference.
